Many studies have been carried out on the relationship between the occurrence and progression of circulatory diseases and hemodynamics. However, it is difficult to obtain accurate and detailed information on blood flow in the living body with existing experimental and numerical methods. The authors have previously proposed the Ultrasonic-Measurement-Integrated (UMI) simulation and shown that the blood flow in an aortic aneurysm can be accurately reproduced when feedback signals derived from the difference between measured and computed Doppler velocities are fed back to the numerical simulation. In the present study, we performed a fundamental numerical experiment in which UMI simulation was applied to a developed laminar pipe flow using an axisymmetric model in order to understand the effect of the feedback law on the accuracy of UMI simulation systematically. The effect of two types of ultrasonic probes, the linear scanning type and the sector scanning type, and the effect of 70 and 110 irradiating angles of the ultrasonic beam in the linear probe were investigated. It was confirmed that the result of UMI simulation asymptotically approached the standard solution of developed laminar flow downstream of the feedback domain in all cases using the linear probe and the sector probe with axisymmetric feedback. Under the present conditions, a linear probe with a radiation angle of 70 was most effective, whereas there was not so much improvement in the accuracy in the case using the sector probe. The effect of the singularity of the axisymmetric coordinate on the pipe axis was observed in the axial velocity profile near the entrance of the feedback domain, but disappeared some distance downstream in that domain.
Introduction
Circulatory diseases are one of the main causes of death in many countries, and the number of fatalities tends to increase with advancing age [1] . Because of our fast-aging society, this is a problem calling for immediate attention. Among such diseases, development and progression of arteriosclerosis and aneurysms are considered to be closely related to hemodynamics, and many experimental studies and numerical simulations have been performed. From the macro point of view, previous studies have reported that hemodynamic stresses such as wall shear stress (WSS) and pressure distribution on the blood vessel wall play important roles in the development and progression of the disease. These studies can be classified as follows: studies related to the disease with high shear stress (high WSS theory) [2, 3] , those related to with low shear stress (low WSS theory) [4, 5] , and those related to with fluctuating wall shear stress [6] . However, it still unconcluded. On the other hand, at the cell level, cultured endothelial cells of the blood vessel have been found to show morphologic change responding to wall shear stress [7, 8] and gene expression of such cells caused by wall shear stress has been extensively studied [9, 10] .
In recent years, there has been substantial improvement in medical measurement technology, such as MRI [11] , X-ray CT [12] , and ultrasonic measurement [13, 14] . Among those measurement techniques, PC-MRI enables simultaneously obtainment of three-dimensional information of vessel geometry and blood flow by analyzing the response of protons in a magnetic field. However, the accuracy of flow measurement by PC-MRI is generally recognized as being insufficient [15] , especially in regions with large fluctuations in flow velocity. Meanwhile, ultrasonic measurement is widely used since it is a noninvasive technique and the equipment is relatively inexpensive and compact. In ultrasonic measurement, B-mode imaging shows the geometry of blood vessels based on the reflection intensity of the ultrasonic beam. Color Doppler imaging measures the velocity component along the ultrasonic beam (Doppler velocity) from the Doppler shift frequency, and information on both geometry and blood flow is displayed in real time. Therefore, the flow information obtained with general ultrasonic measurement devices is the velocity component along the ultrasonic beam, whereas real flow velocity is not available. So far, it is still difficult to obtain accurate and detailed information on blood flow, such as wall shear stress or pressure distribution in the living body with existing measurement techniques.
On the other hand, computer simulation of blood flow has also been actively studied using realistic vessel geometry obtained with MRI or CT. Realistic solutions of the blood flow, including flow velocity and pressure distributions, are obtained by solving the fundamental equations of the flow [16, 17] . Previous studies have treated a blood vessel as a rigid wall, whereas with recent advances in computer technology, numerical analysis of fluid dynamics can be performed simultaneous with determination of vessel deformation [18, 19] . Numerical simulation provides detailed information such as wall shear stress and pressure distributions, which is difficult to obtain by measurement. Numerical simulation has been used in recent years for preoperative diagnosis in cases of vascular surgery [20] . However, because it is generally difficult to set the initial and boundary conditions of blood flow as well as to accurately determine the mechanical properties and the geometry of blood vessels, computational results are sometimes insufficient for the exact reproduction of real blood flow. Marshall et al. carried out a computational fluid dynamics (CFD) study in a healthy and stenosed rigid model of carotid bifurcation with realistic geometry of the vessel and boundary conditions at inflow and outflow based on MR measurement data [21] . Their report revealed that the wall shear stress obtained by computation and those from MR measurement qualitatively agreed, although there were quantitative differences. Generally, the accuracy of MR is insufficient and the boundary conditions of the simulation may contain measurement error; thus, calculated hemodynamics inevitably includes error. These backgrounds indicate the necessity of finding a new way to provide details of blood flow for fundamental research to uncover the causes of circulatory diseases and for the improvement of the diagnosis and treatment of such diseases. For this purpose, the authors have proposed a new method called Ultrasonic-Measurement-Integrated (UMI) simulation, in which ultrasonic measurement and CFD are integrated to reproduce blood flow [22] . UMI simulation is a kind of flow observer [23] . As shown in Fig.1 , the ultrasonic measurement result is compared with the corresponding result of the numerical simulation, and the difference of the two is fed back to the numerical simulation as a feedback signal based on the feedback law in order to reduce the difference. The actual flow is reproduced asymptotically by performing computation to reduce the difference to zero. In previous studies, Funamoto et al. performed two-dimensional and three-dimensional numerical experiments of UMI simulation with realistic geometry of a thoracic aneurysm and confirmed the usability of UMI simulation [24] [25] [26] . However, the effect of the feedback on the UMI simulation is not understood in depth, although such understanding is essential if UMI simulation is to be widely applied other parts of the circulatory system. Thus, the goal of the present study was to systematically advance our understanding of the effect of the feedback law on the accuracy of UMI simulation. We dealt with steady developed laminar pipe flow as it is a simple flow and an analytic solution is possible. The geometry and flow conditions were set based on the blood flow in adult internal and external carotid arteries. Generally, the structured grid system on the cylindrical coordinate, orthogonal coordinate, or boundary-fitted coordinate, as well as the unstructured grid system is applied in numerical simulation of pipe flows. Taking the symmetry of the flow into consideration, in this study, we chose formulation on the axisymmetric cylindrical coordinate. The axisymmetric calculation without tangential velocity component is essentially two-dimensional and, therefore, computationally cost efficient. However, the feedback law is axisymmetrically constrained and the effect of such constrain should be examined. In addition, the singularity of the axisymmetric coordinate system on the pipe axis may influence the UMI simulation.
In ultrasonic measurement, the ultrasonic beam is sequentially irradiated to the object domain and the direction of ultrasonic beam varies with the type of probe: a constant direction with a linear scanning probe and radiating directions with a sector scanning probe. In the case of the linear probe, the irradiating angle of the ultrasonic beam is a parameter to be adjusted in a certain range according to the direction of flow. In the case of the sector probe, the expanse angle should be adjusted. The Doppler velocity obtained from the blood flow varies depending on the type of probe and beam angles mentioned above. In this study, we performed a numerical experiment of UMI simulation for a steady developed laminar pipe flow using an axisymmetric cylindrical model to investigate the effect of ultrasonic probes (linear and sector) and the irradiating angles of the linear probe. 
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2-1. Subject and measurement method
In the present study, we dealt with a steady developed laminar flow with Re = 1100 in a straight pipe 10 mm in diameter and 80 mm in length. Detailed calculation conditions are shown in Table 1 . The conditions were determined based on the flow of adult internal and external carotid arteries on the premise of the application of UMI simulation at this site in the future. We defined the r axis as the radial direction and the z axis as the axial direction.
Figure 2 (a) shows the geometry of the calculation system. Feedback domain
, "*" indicates a dimensionless value) is defined in the whole flow domain. We assumed the use of both linear and sector probes with the color Doppler imaging measurement mode. In the numerical experiment with the linear probe, the probe Fig. 2 Overview of calculation system: (a) shows geometry and coordinate system for the case using the linear probe, (b) shows the sector probe and (c) is an explanation of the feedback law.
The inflow boundary condition was uniform flow, and the outflow was the free stream condition. In the case of Re = 1100 the entry region was theoretically calculated as D D 58 Re 065 . 0 = ⋅ , and therefore developed laminar flow could not be obtained in the present computational region. We used the analytic solution for the steady developed laminar flow in a straight pipe (Poiseuille flow) as the standard solution. In UMI simulation, the feedback force is applied based on the difference between the standard solution and the numerical calculation. In the following, we term the simulation without feedback as "ordinary simulation" to distinguish it from "UMI simulation."
2-2. Numerical Simulation
The governing equations employed in this study are the dimensionless N-S equation and the continuity equation in cylindrical coordinate system as follows: where u r and u z are the velocity of the radial and axial directions, respectively, and U mean is the average velocity of u z (reference velocity), P is pressure, D is the diameter of the pipe (reference length), and F r and F z are body forces (feedback signals) in radial and axial direction, respectively. We adopted a staggered grid system. The governing equations were discretized by means of the finite volume method and solved with an algorithm similar to the SIMPLER method [22, 27, 28] . Details of the feedback algorism are explained in the next section.
The inflow boundary condition was uniform flow, the outflow condition was the free stream condition as mentioned in the previous section, and the wall boundary condition was the no-slip condition.
2-3. Feedback algorithm
In the feedback law of UMI simulation, we chose a number of grid points, namely feedback points, in the computational domain to apply the feedback signal [22, [24] [25] . In the present study, we used all the grid points (820 points) in the feedback domain shown in Fig.2 (a) and (b) as the feedback points. In UMI simulation, the difference between standard solution and the corresponding UMI simulation result was compared and the feedback signal proportionate to the difference was fed back to the simulation. The mechanism of the feedback law can be explained by referring to Fig.2 (c) (4) where n is a unit vector in the ultrasonic beam direction.
We defined the error E between V s and V c as,
The feedback force in the ultrasonic beam direction f v applied to the control volume in the feedback domain to compensate the error E is
where K v * is the feedback gain (dimensionless value), which is an important factor concerning the convergence of UMI simulation. UMI simulation with K v * = 0 corresponds to an ordinary simulation. The feedback force in the ultrasonic beam direction f v is decomposed into the radial component f r and the axial component f z , and then applied to the discretized governing equations at the control volume of each grid in the feedback domain.
2-4. Error evaluation
For the evaluation of UMI simulation we defined the error norm e Ω (t 
where Ω is a domain arbitrarily chosen for the purpose of evaluation and W is the volume of the domain Ω. The error norm e Ω (t) is an averaged absolute value of the error of velocity components between the standard solution and UMI simulation in a domain Ω. Note that e Ω (t) is a function of time and we define the steady-state error norm e Ωs as the error norm for the temporally convergent solution. Also, in order to investigate the spatial convergence of the error, we define e zs in which the cross section in the z direction is used, as the reference domain Ω. The small error norm implies that the UMI simulation approaches the standard solution due to the effect of the feedback.
Results
3-1. Effect of feedback gain K v
*
Firstly, we investigated the effect of the feedback gain K v * on UMI simulation. In each numerical experiment, UMI simulation was performed by increasing the gain from K v * = 0 by increments of 4 until the calculation diverged. Figure 3 shows the variation of e Ω (t) in the feedback domain with representative K v * . Time step was fixed (∆t * = 1). We confirmed there was no dependency on the time step by performing UMI simulation with ∆t * = 0.1 in a preliminary study. Error norm e Ω (t) decreases sharply in each case of K v * and, then reaches steady state. In addition, it was confirmed that when K v * was larger than a certain critical value, the calculation did not converge and the error increased with time in all the cases. Figure 4 shows the relationship between K v * and the steady state error norm e Ωs at t * = 300. Finally, we investigated the spatial change of the steady state error norm e zs in each cross section in the axial direction. As shown in Fig. 8 , the error norm of the ordinary simulation decreased gradually in the axial direction due to the development of the laminar boundary layer. On the other hand, the error decreased drastically in the feedback domain in the results of the UMI simulation. Especially in the case using linear probe with 70 = ϕ , the error norm decreased to almost zero in the feedback domain.
Discussion
4-1. Effect of beam angle of linear probe
In this study, we performed UMI simulation using a linear probe with 70 = ϕ and 110 = ϕ . As shown in Figs. 5 (a) and (b), the increase and decrease in the axial velocity u z were observed in the region near the center of the pipe at the entrance of feedback domain. These phenomena can be ascribed to the singularity of the axisymmetric coordinate system. In UMI simulations with 70 = ϕ and 110 = ϕ , the feedback force f v working in the ultrasonic beam direction results in the nonzero radial force component f r at the center of the pipe with opposite directions for the two irradiation angles, as well as resulting in the increase or decrease in u z . However, UMI simulation in both of linear probe cases well reproduced the standard solution downstream in the feedback domain. Thus, the effect of singularity at the center of the pipe is not significant after a certain width of the feedback domain. The axisymmetric feedback using a linear was confirmed to be effective for reproduction of the axisymmetric flow in the pipe.
4-2. Effect of probes
Compared to the linear probe, it is difficult to reproduce the standard solution using a sector probe. This can possibly be ascribed to the irradiation angle of the sector probe. Corresponding to the linear probe, the irradiation angle of the sector probe changes between 70 and 110 with the expanse angle of 40 . When the measurement position approaches the center of the feedback domain, the ultrasonic beam angle approaches 90 ; therefore, f v becomes smaller and the radial component f r becomes dominant. Since the axial velocity component u z is dominant in the standard solution and the error vector to be compensated is in the z direction, the above-mentioned feedback has little effect in the region near the center of the feedback domain. In the result of the sector probe (Fig. 5 (c) and Fig. 6 (d) ), velocity u z behaves similarly to the case of the linear probe with 70 = ϕ at the entrance of feedback domain, and the effect of feedback becomes smaller in the center of the domain, then finally approaches the standard solution in the last half of the domain. The feedback may be much more effective if a larger expanse angle in a sector probe is employed.
Finally, the distribution of error (Fig. 7) and spatial change of error norm e zs (Fig. 8) show that the UMI simulation using a linear probe is effective for reproduction of the axisymmetric flow in a straight pipe, especially with the ultrasonic beam toward the flow direction. Setting a larger irradiating angle to obtain a large amount of information in the flow direction probably improves the effectiveness of the UMI simulation.
Conclusions
As a fundamental study to promote understanding of the effect of the feedback law on the accuracy of UMI simulation systematically, we performed a numerical experiment of UMI simulation for steady developed laminar flow in a straight pipe using an axisymmetric model It was confirmed that the result of UMI simulation with the axisymmetric feedback asymptotically approached the standard solution, i.e. developed laminar flow, downstream of the feedback domain in all cases using both the linear probe and the sector probe. Among conditions of the present numerical experiment, a linear probe with 70 = ϕ was most effective, whereas the sector probe was not efficient. The effect of singularity of the axisymmetric coordinate system on the axis was observed in the velocity profile around the axis in the region near the entrance of the feedback domain. However, this effect was reduced at a certain width of the feedback domain.
In the present work, it was confirmed that UMI simulation with the axisymmetric model was efficient for the reproduction of axisymmetric pipe flow. The response of real three-dimensional flow to the feedback signal derived from one direction may be different from that in this study. In a future study, we intend to perform a numerical experiment of UMI simulation using a three-dimensional model to determine the effect of the feedback on the flow field.
